OBJECTIVE-Fasting plasma glucose and risk of type 2 diabetes are higher among Indian Asians than among European and North American Caucasians. Few studies have investigated genetic factors influencing glucose metabolism among Indian Asians.
T
he World Health Organization estimates that by 2025 there will be 57 million Indian Asians with type 2 diabetes, (1) by which time one-quarter of type 2 diabetic patients globally will be Indian Asian. Migration data among Indian Asians show that the prevalence of type 2 diabetes is ϳ20% among Indian Asians in the U.K. and North America compared with ϳ15% in urban Indian and ϳ6% in rural India (2) (3) (4) (5) . Although these studies emphasize the importance of environmental triggers such as sedentary lifestyle and excess consumption of energy-dense foods, genetic factors are also likely to be important (6) . Understanding the genetic mechanisms influencing glucose metabolism among Indian Asians may provide insight into the increased risk of type 2 diabetes among Indian Asians. Genome-wide association studies have recently identified common genetic variation in and around the genes GCK, GCKR, G6PC2, and MTNR1B as determinants of glucose levels in European populations (7) (8) (9) (10) (11) . We have carried out a genomewide association study of fasting plasma glucose levels in a population-based cohort of Indian Asian men and women.
RESEARCH DESIGN AND METHODS
Genome-wide association for fasting plasma glucose was performed among 5,089 nondiabetic Indian Asians (fasting glucose levels Ͻ7.0 mmol/l; free from pharmacologic or dietary treatment for diabetes) (12) and genotyped using the Illumina Hap610 BeadChip, and a separate sample of 2,385 Indian Asians was genotyped with the Illumina Hap300 BeadChip. Results for the Hap610 sample were analyzed separately, followed by meta-analysis of the results from Hap610 and Hap300 genotyping arrays. To examine the possible contribution of single nucleotide polymorphisms (SNPs) identified to raised glucose in Indian Asians, allele frequencies and effect sizes were compared with results for 4,462 European Caucasian participants of the Northern Finland Birth Cohort of 1966 (NFBC1966).
All Indian Asian participants were recruited though the London Life Sciences Prospective Population (LOLIPOP) Study. LOLIPOP is an ongoing population-based cohort study of ϳ30,000 Indian Asian and European Caucasian men and women aged 35-75 years and recruited from the patient records among 58 general practitioners in West London, U.K. (13) . Indian Asians were identified as having all four grandparents born on the Indian subcontinent. Response rates averaged 62%; there were no material differences between responders and nonresponders with respect to age, sex, comorbidity, and available data for risk factors. All participants gave written informed consent, including for genetic studies. The study is approved by the local Research Ethics Committee.
An interviewer-administered questionnaire was used to collect data on medical history, family history, current prescribed medication, and cardiovascular risk factors. Physical assessment included anthropometric measurements (height, weight, waist circumference, and hip circumference) and blood pressure. Blood was collected after an 8-h fast for biochemical analysis, including glucose, insulin, total and HDL cholesterol, and triglycerides, and whole blood was taken for extraction of DNA. Insulin sensitivity and pancreatic ␤-cell function were estimated using the homeostatic model assessment (HOMA) method (14) where insulin sensitivity (HOMA-S) ϭ 22.5 (fasting plasma insulin ϫ fasting plasma glucose) and ␤-cell function (HOMA-B) ϭ (20 ϫ fasting plasma insulin)/(fasting plasma glucose Ϫ 3.5).
We studied 5,089 nondiabetic Indian Asians genotyped with the Illumina Hap610 BeadChip (Hap610 sample) and 2,385 Indian Asians genotyped with the Hap300 BeadChip (Hap300 sample). The Hap300 sample included 698 Indian Asians with type 2 diabetes, enabling testing of SNPs against type 2 diabetic case subject or control subject status.
All European Caucasians were participants of NFBC1966, a study of factors affecting preterm birth, low birth weight, and subsequent morbidity and mortality. Participants comprise 12,068 mothers and their 12,231 births in the provinces of Oulu and Lapland during 1966. At age 31 years, all individuals still living in the Helsinki area or northern Finland were asked to participate in a detailed biological and medical examination (n ϭ 6,007) including measurement of fasting glucose. For the current study, genotype and fasting glucose measurements were available for 4,462 NFBC1966 participants (2,116 male and 2,346 female). Study methods and characteristics of participants have been described previously (11) . The University of Oulu ethics committee approved the study. The NFBC1966 samples used were also included in the genome-wide association studies that identified common genetic variation in and around G6PC2 and MTNR1B as determinants of glucose levels in European populations (7, 9) . Genotyping. Genotyping using the Illumina Hap610 BeadChip was carried out according to standard methodology. In brief, each sample was whole genome amplified, fragmented, precipitated, and resuspended in appropriate hybridization buffer. Denatured samples were hybridized on prepared HumanHap610 BeadChips for a minimum of 16 h at 48°C. After hybridization, the BeadChips were processed for the single-base extension reaction as well as staining and imaging on an Illumina Bead Array Reader. Normalized bead intensity data obtained for each sample were loaded into the Illumina Beadstudio 2.0 software, which converted fluorescence intensities into SNP genotypes. Based on 17 duplicate scans, mean genotyping concordance rate was 99.9987% (range 99.9930 -99.9998%). For the 582,539 autosomal SNPs included on the Hap610 BeadChip, average SNP call rate was 99.7%, with call rates Ͼ95% for 99.7% of SNPs. Call rate was Ͼ95% for 99.1% of people; 46 people were excluded for call rates Ͻ95%. We also excluded SNPs with minor allele frequency Ͻ0.01, call rate Ͻ0.95%, or Hardy-Weinberg equilibrium of P Ͻ 10
Ϫ6 . This left 544,390 autosomal SNPs for the genome-wide association analysis. Methods and quality control for genotyping carried out using the Illumina Hap300 BeadChip in Indian Asians and the Illumina Hap370 BeadChip in European Caucasians have been described previously (11, 13) . Statistics. Single SNP marker tests were carried out for association with fasting glucose levels in nondiabetic Indian Asians under an additive genetic model with adjustment for age and sex. Principal components analysis was used to characterize population substructure in Indian Asians genotyped on the Hap610 and Hap300 BeadChips, and the top four components were included in models (15) . Analysis of QQ plots for association over all SNPs showed good adherence to null expectations, indicating that the approach was sufficient to allow for any inflation due to population substructure (see supplemental Fig. S1 , available in the online appendix at http://diabetes. diabetesjournals.org/cgi/content/full/db08-1805/DC1). values for the genome-wide analyses were 1.01 in both the Illumina Hap610 and the Illumina Hap300 samples (compared with 1.07 and 1.02, respectively, for analyses without principal components). The Hap610 sample size provided 80% power to identify SNPs associated with 0.8% of population variation in glucose at genome-wide significance (P Ͻ 5 ϫ 10 Ϫ8 [16] ). We then carried out a meta-analysis of results from the Illumina Hap610 and the Illumina Hap300 samples. Imputation was done using a hidden Markov model algorithm implemented in MACH software and pooled phased haplotypes for the CEU, CHB/JPT, and YRI samples from HapMap build35, dbSNP build 125 (17) . Imputed SNPs with minor allele frequency Ͻ0.01 or low-quality score (r 2 Ͻ 0.30) were removed. This generated ϳ1.9 million directly genotyped or imputed autosomal SNPs per participant with data available in both samples. Meta-analysis was carried out using z scores weighted by square root of sample size, implemented in the software package METAL (www.sph.umich.edu/csg/abecasis/metal). QQ plots showed good adherence to null expectations ( for meta-analyzed data ϭ 1.047; supplemental Fig. S1 ).
The associations of SNPs with type 2 diabetes and other phenotypic traits, and of risk allele score with glucose levels, were tested in the Illumina Hap300 data using regression analysis and an additive genetic model. Analyses were adjusted for age and sex in Indian Asians as well as for sex among European Caucasians (NFBC1966 participants are all 31 years of age). Heterogeneity of effect between Indian Asians and European Caucasians was tested by joint analysis of data for Indian Asians and European Caucasians, with incorporation of ethnicity and genotype-ethnicity interaction terms into the regression models. Two SNP regression models were used to identify whether SNPs from the same genetic locus have separate relationships with glucose levels. Glucose risk allele scores were also compared between Indian Asians and European Caucasians by independent samples t test.
RESULTS
The characteristics of Indian Asian and European Caucasian participants are summarized in Table 1 . Genome-wide association in the Hap610 sample. We identified three SNPs associated with glucose levels in Indian Asians at a genome-wide level of significance (P Ͻ 5 ϫ 10
Ϫ8 [16] ) in the Hap610 sample (Table 2 ; supplemen- 
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tal Fig. S2 ). All were located near melatonin receptor MTNR1B and in high linkage disequilibrium (LD) with each other (pairwise r 2 Ͼ 0.5; Fig. 1 , supplemental Table  S1 ). The most closely associated SNP was rs2166706; when conditioned on rs2166706, there was no evidence for a separate effect of rs3847554 or rs1387153 on glucose levels. The associations of rs2166706, rs3847554, and rs1387153 with glucose levels were confirmed among Indian Asians in the Hap300 sample, in whom risk allele of rs2166706 was associated with ϳ0.05 mmol/l higher glucose levels than that for the alternate allele (Table 2) . Further testing of rs2166706 in the Hap300 sample. The risk allele of SNP rs2166706 was associated with elevated A1C and reduced HOMA-B among nondiabetic Indian Asians (Table 3 ) in the Hap300 sample. In contrast, there was no association of rs2166706 with weight, BMI, insulin levels, or HOMA-S (Table 3 ). Risk allele frequency of rs2166706 was higher among Indian Asians with type 2 diabetes than among nondiabetic Indian Asians in the Hap300 sample. The age-and sex-adjusted odds ratio (OR) for type 2 diabetes was 1.21 (95% CI 1.06 -1.38) per copy of risk allele of rs2166706 among Indian Asians (P ϭ 0.006). After additional adjustment for HOMA-B, OR for type 2 diabetes was reduced and no longer statistically significant (1.12 [0.97-1.30]; P ϭ 0.14). Meta-analysis of genome-wide association data in Indian Asians. In meta-analysis of the Indian Asian Hap610 and Hap300 samples, 29 SNPs reached P Ͻ 5 ϫ 10 Ϫ8 . These were distributed in the MTNR1B, GCK, and G6PC2 loci (supplemental Table S2 and Fig. S2 ). The LD structure of the GCK and G6PC2 loci were similar among Indian Asians and European Caucasians (supplemental Figs. S3 and S4 ). Genetic variants near GCKR that have been associated with glucose levels in European populations (9,10) were also associated with fasting glucose levels among Indian Asians, although not at a genomewide significance level (GCKR: rs1260326, P ϭ 3.3 ϫ 10 Ϫ4 ). Comparisons with European Caucasians. SNP rs2166706 was associated with glucose levels in European Caucasians (Table 2 ). Based on data from the present study and on the HapMap CEU population (HapMap PhaseIII/Rel#1 Sept 2008, NCBI B36 assembly, dbSNP b126), SNP rs2166706 is in moderate LD with both rs1387153 and rs10830963 (supplemental Table S1 ), SNPs that have been reported to be associated with glucose in European Caucasians (7, 8) . Frequencies for risk allele of rs2166706 were similar among Indian Asians and European Caucasians (46.2 vs. 45.0%, respectively; P ϭ 0.44) with no evidence for heterogeneity of effect on glucose (P ϭ 0.84; Table 2 ). Results for association of rs2166706 with secondary phenotypes were similar in Indian Asians and European Caucasians (Table 3 ) except for HOMA-B, where the relationship with rs2166706 was weaker and less statistically significant among European Caucasians. Combined effects of genetic loci influencing glucose levels. Risk allele frequencies of rs1260326 (GCKR) and rs560887 (G6PC2) were higher, and of rs2166706 (MTNR1B) and rs4607517 (GCK) similar, among Indian Asians and European Caucasians (Table 2 and supplemental Table S3 ). Effect sizes on glucose levels at the MTNR1B, GCKR, G6PC2, and GCK loci were similar among Indian Asians and European Caucasians, with no evidence for heterogeneity between the populations ( Table 2 and supplemental Table S3) .
A score comprising number of risk alleles at these four loci was closely related to glucose levels in both Indian Data are effect size (95% CI) for fasting glucose in millimoles per liter for each copy of the risk allele. All three SNPs were directly genotyped, with call rates Ͼ99% in the three study samples. Alt, alternate allele; Chr, chromosome; EC, European Caucasian; IA, Indian Asian.
Asians and European Caucasians (change in glucose per unit of allele score: Indian Asians 0.06 Ϯ 0.01 mmol/l, P ϭ 1.1 ϫ 10 Ϫ16 ; European Caucasians 0.04 Ϯ 0.01 mmol/l, P ϭ 4.6 ϫ 10 Ϫ15 ; Fig. 2 ). Risk allele score was greater among Indian Asians than European Caucasians (4.3 Ϯ 1.2 vs. 3.8 Ϯ 1.3, respectively; P ϭ 2.3 ϫ 10
Ϫ85
; Fig. 2 ) and accounted for 1.2% of population variance in glucose levels in both populations. However, at each level of risk allele score, Indian Asians had higher glucose levels than European Caucasians (P ϭ 3.3 ϫ 10 Ϫ33 ; Fig. 2 ).
DISCUSSION
We have identified and replicated an association of SNP rs2166706 near MTNR1B with plasma glucose levels and show that rs2166706 is also associated with increased risk of type 2 diabetes among Indian Asians. We also replicate associations of the GCK, GCKR, and G6PC2 loci with glucose levels in Indian Asians. Our findings extend the results of recent studies in European Caucasian populations that identify genetic variation near MTNR1B as an important determinant of glucose levels (7, 8) . MTNR1B encodes a high-affinity receptor for melatonin, a circulating hormone released by the pineal gland (18) . Secretion of melatonin is tightly regulated by the hypothalamic suprachiasmatic nucleus, the anatomic center of the mammalian circadian clock (19, 20) . Melatonin release is one of the key mechanisms by which the circadian clock maintains synchronization and regulates the biologic activities of peripheral tissues (18) . Melatonin receptors (including MTNR1B) are highly expressed in the hypothalamus, where they contribute to melatonin-induced negative feedback and phase timing of circadian activity (21) . MTNR1B is also expressed in human pancreatic islet cells and may mediate the effects of melatonin on basal and glucose-induced insulin release (22) .
Our findings of an association between SNP rs2166706 near MTNR1B and raised glucose, reduced pancreatic ␤-cell function, and increased risk of type 2 diabetes are consistent with accumulating evidence that circadian clocks play a key role in the regulation of carbohydrate and energy metabolism. Clock/Clock null mice develop hyperglycemia, and in humans sleep loss and depression are associated with circadian desynchronization and increased risk of type 2 diabetes (23) (24) (25) . Although further functional studies will be required to clarify the contribution of peripheral and central melatonin signaling pathways to glucose metabolism and type 2 diabetes, our observations suggest that MTNR1B signaling may be a therapeutic target for the development of agents to improve glucose regulation and to prevent or treat type 2 diabetes.
We also confirm association of GCK, GCKR, and G6PC2 loci with glucose levels in Indian Asians. Effect sizes were similar among Indian Asians and European Caucasians, and a risk allele score was associated with glucose similarly in the two populations. However, risk allele frequencies were higher among Indian Asians than European Caucasians. These findings suggest that genetic variation at these loci makes an important contribution to raised glucose levels among Indian Asians. These are the first data identifying genetic variants that influence glucose metabolism among Indian Asians, a population at high risk for type 2 diabetes and related metabolic disorders. The 21% of Indian Asians homozygous for the G allele of rs2166706 of MTNR1B have ϳ0.1 mmol/l higher fasting glucose levels and ϳ45% higher odds of type 2 diabetes compared with people with AA genotype. Our findings give new insight into the genetic mechanisms underlying abnormalities of glucose metabolism among high-risk Indian Asians and provide the basis for future studies to investigate the role of circadian rhythms and melatonin signaling in the etiology of type 2 diabetes.
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